Infective endocarditis is a life-threating condition with annual mortality of as much as 40% and is associated with embolic events in as many as 80% of cases. These embolic events have notable prognostic implications and have been linked to increased length of stay in intensive care units and mortality. A vegetation size greater than 10 mm has often been suggested as an optimal cutoff to estimate the risk of embolism, but the evidence is based largely on small observational studies.
I nfective endocarditis is a rare but potentially lifethreating condition with annual mortality of as much as 40%. 1, 2 Infective endocarditis is often accompanied by several complications that contribute to morbidity and mortality, prime among them being systemic embolic events. Embolic events have notable prognostic implications and have been linked to increased length of intensive care unit stay and mortality. 3, 4 A vegetation size greater than 10 mm has often been suggested as an optimal cutoff to estimate the risk of embolic events. This cutoff is used by the American Heart Association guidelines on infective endocarditis as an important part of their recommendations for early surgery and also forms an integral part of protocols for large prospective clinical trials. 5, 6 However, the evidence behind this seemingly arbitrary cutoff is based largely on observational data from small studies with varied methods and periods of observation and the significant potential for selection bias. Previous literature on embolic risk in patients with large vegetations has yielded varied results. Some studies have suggested that the risk of embolic events is not increased with larger vegetation sizes, 7, 8 whereas others have noted significantly increased odds of systemic embolization with a vegetation size greater than 10 mm. 9,10 A meta-analysis 11 published in 1997 aimed to fill this gap in the literature and reported a significantly increased risk of systemic embolization and a borderline increased risk of death with large vegetations. However, this analysis had several design flaws, such as inclusion of no vegetation in the group with a vegetation size less than 10 mm, limitation of the search to MEDLINE, no formal assessment of study quality, and no quantification of heterogeneity. 11 Moreover, several large studies have been published on this topic since 1997, and an updated meta-analysis is needed. Therefore, we conducted a systematic review of literature and meta-analysis to study the association of a vegetation size greater than 10 mm with embolic events. Within our selected pool of studies, we also evaluated the association of a vegetation size greater than 10 mm with all-cause mortality. We further used meta-regression techniques to evaluate the association of age, sex, and type of involved valve with the overall risk of embolization with a vegetation size greater than 10 mm.
Methods

Data Sources and Searches
We performed a computerized literature search of all publications in the PubMed and EMBASE databases from inception to May 1, 2017. We then manually searched the reference lists of included articles. This search was last assessed as being up to date on May 1, 2017 ( Figure 1 ). Our aim was to include all randomized and nonrandomized studies conducted on patients hospitalized for infective endocarditis with a comparison between those with and without a vegetation size greater than 10 mm with regard to the outcome of embolic events. Inclusion of vegetation size equal to 10 mm varied, with some studies including it in the group with vegetation sizes greater than 10 mm and others including it in the group with vegetation sizes less than 10 mm (Table) . Search terms included varying combinations of the following keywords: infective endocarditis, emboli, vegetation size, pulmonary infarct, stroke, splenic emboli, renal emboli, retinal emboli, and mesenteric emboli.
Study Selection
We applied the Preferred Reporting Items for Systematic Reviews and Meta-Analyses statement (PRISMA) to the methods for this study. 29 We used the following inclusion criteria:
(1) studies of adult patients with native valve infective endocarditis due to any organism, (2) studies that provided the information on embolic events in patients with a vegetation size less than 10 mm and a vegetation size greater than 10 mm, and
Key Points
Question What is the association of vegetation size greater than 10 mm with embolic events in patients with infective endocarditis?
Findings In this systematic review and meta-analysis of 21 unique studies that included 6646 unique patients with infective endocarditis and 5116 measured vegetations, patients with a vegetation size greater than 10 mm had significantly increased odds of embolic events and mortality.
Meaning Large vegetations (>10 mm) may be associated with an increased risk of embolization. 
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(3) studies in which vegetation size was estimated by 2-dimensional transthoracic echocardiography (TTE) and/or transesophageal echocardiography (TEE). We used the following exclusion criteria: (1) studies on prosthetic valve infective endocarditis and device-associated infective endocarditis unless data for native valve infective endocarditis were also present, (2) studies in which vegetation size was not quantified but rather qualitatively assessed (such as small vs large), (3) studies in which data for no vegetation were included with vegetation size less than 10 mm and separate estimates of embolic events for vegetation size less than 10 mm could not be extracted from available information, (4) studies in which a hazard ratio or an adjusted odds ratio (OR) was available but enough data were not present to extract or calculate an unadjusted OR, (5) studies in which multiple prognostic markers were tested and data for a complete cohort of patients with a vegetation size less than 10 mm or greater than 10 mm were unavailable, (6) studies in which vegetation size was measured with modalities other than 2-dimensional TTE or TEE, (7) conference abstracts, (8) case reports and case series, and (9) non-English language literature.
Study End Points
The primary aim of this meta-analysis was to study the association of a vegetation size greater than 10 mm with embolic events in patients with infective endocarditis. As a secondary analysis, we also compared the odds of all-cause mortality in patients with vegetation sizes less than and greater than 10 mm. were available before and after antibiotic administration. We used the postadministration data to calculate embolic events. For the study by Leitman et al, 25 data on short-and long-term mortality were available. Herein we used the data on shortterm mortality to maintain uniformity with other studies and to avoid incorporation of effect from other confounding factors that may influence long-term mortality in these patients.
Data Extraction and Study Quality Appraisal
Wherever separate values for TTE and TEE were provided, the values with the maximum number of patients were incorporated into our analysis. Two of us (D.M. and A.M.) independently assessed the risk of bias among the included studies using the standardized Newcastle-Ottawa Scale. This validated instrument for appraising observational studies measures risk of bias in 8 categories: representativeness of the exposed cohort, selection of the nonexposed cohort, ascertainment of exposure, demonstration that the outcome of interest was not present at the start of the study, comparability, assessment of outcome, follow-up long enough for outcomes to occur, and adequacy of follow-up of cohorts (eTable 1 in the Supplement). All discrepancies in data abstraction or quality appraisal were resolved by discussion or adjudication by another of us (M.Y.D.). eTable 2 in the Supplement provides the PRISMA checklist for the metaanalysis.
Data Synthesis and Analysis
We summarized categorical dichotomous data across treatment arms using the Mantel-Haenszel OR with 95% CI. We evaluated heterogeneity of effects using the Higgins I 2 statistic. We also used Mantel-Haenszel risk difference to calculate summary effects for the primary and secondary outcomes. Random effects were used for all our analyses. We also performed meta-regression analyses for the primary outcome to assess whether the association of vegegation size with embolic risk is modulated by prespecified study-level factors such as age, male sex, type of valve involved, and prosthetic valve involvement. This analysis was not possible for the secondary outcome owing to the smaller number of included studies for that analysis. We also performed a sensitivity analysis to evaluate how removal of each study affected the overall outcome and a prespecified subgroup analysis stratifying the primary outcome by type of study (prospective vs retrospective), years of publication (1980-1999 vs 2000-2016) , and use of Duke (or modified Duke) criteria. 30, 31 To address publication bias, we used visual inspection of funnel plots and the Egger test. Comprehensive Meta-analysis software (version 3.3.070; https://www.meta-analysis.com) was used for metaanalysis and meta-regression. A 2-tailed P = .05 was considered to be significant for all our analyses.
Results
Our search yielded 21 unique studies published from 1983 to 2016, 3,7,9,10,12-28 including a total of 6646 unique patients with infective endocarditis and a total of 5116 vegetation specimens with available dimensions. Characteristics of the studies are listed in the Table.
Association of Vegetation Size Greater Than 10 mm With Embolic Events
We observed that patients with a vegetation size greater than 10 mm had increased odds of embolic events compared with patients with a vegetation size less than 10 mm (OR, 2.28; 95% CI, 1.71-3.05; P < .001) ( Figure 2 ). The risk difference was 0.13 (95% CI, 0.09-0.18; P < .001). We further explored the heterogeneity among the included studies by performing subgroup analysis by period and study method. We observed that the odds of embolic events were comparable between patients with and without a vegetation size greater than 10 mm when studies in the subgroup of studies published from 1983 to 1999 (OR, 1.41; 95 CI, 0.79-2.53; P = .24) were considered. However, we found a markedly increased likelihood of embolic events with a vegetation size greater than 10 mm in the studies published from 2000 to 2016 (OR, 2.70; 95% CI, 1.91-3.81; P < .001), but the difference between the 2 subgroups was not significant (Q = 3.49; P = .06) (eFigure 1 in the Supplement). A metaanalysis of prospective (OR, 2.44; 95% CI, 1.31-4.53) and retrospective (OR, 2.05; 95% CI, 1.53-2.75) studies showed increased odds of embolic events with a vegetation size greater than 10 mm, with no differences between the subgroups (Q = 0.24; P = .62) (eFigure 2 in the Supplement). We also observed no difference in the subgroup of studies that used Duke or modified Duke criteria (OR, 2.52; 95% CI, 1.81-3.52; P < .001) compared with studies that did not (OR, 1.61; 95% CI, 0.86-3.01; P = .13) (Q = 1.53; P = .21). When the primary outcome was stratified by left-and right-sided vegetation specimens, in the 5 studies that allowed for calculation of primary outcome for left-sided vegetation specimens, the association was not significant (OR, 1.37; 95% CI, 1.02-1.83; P = .06). Only 2 studies had isolated data for right-sided vegetation specimens available. The association did not reach significance for these studies, and the CIs were large (OR, 1.42; 95% CI, 0.17-11.49) (eFigure 3 in the Supplement). Use of meta-regression revealed that odds of embolic events with a vegetation size greater than 10 mm were not significantly associated with the mean age of the study population, percentage of prosthetic valve involvement, percentage of aortic valve involvement, percentage of mitral valve involvement, or percentage of male patients. Although metaregression by percentage of tricuspid valve involvement seemed to show nonsignificant lower odds with greater tricuspid valve involvement, visual inspection of the scatterplot revealed that this result was owing to a single study by Robbins et al 13 that included patients with only right-sided endocarditis. Removal of this study resulted in loss of this finding. Details of meta-regression analyses are shown in eTable 3intheSupplement, and meta-regression scatterplots are presented in eFigure 4 in the Supplement. Cumulative meta-analysis showed that with serial addition of studies by publication year, overall effect was statistically significant only after the 2001 publication (Di Salvo et al 20 ). Sensitivity analysis using the 1-study-removal method failed to show that removal of any 1 study significantly influenced the overall effect (eFigures 5 and 6 in the Supplement). Considering only high-quality (Newcastle-Ottawa Scale score ≥7) studies did not change the effect significantly (OR, 2.54; 95% CI, 1.79-3.59).
To evaluate for association of increasing vegetation sizes, we sought to compare embolic events with vegetation size cutoffs of 5 mm and 15 mm. We found that with a cutoff of 5 mm, odds were similar to those with a cutoff of 10 mm (OR, 2.52; 95% CI, 1.78-3.55) but were greater with a cutoff of 15 mm (OR, 4.25; 95% CI, 1.65-10.93) (eFigure 7 in the Supplement).
Association of Vegetation Size Greater Than 10 mm With All-Cause Mortality
We found that a vegetation size greater than 10 mm was associated with increased odds of all-cause mortality (OR, 1.63; 95% CI, 1.13-2.35; P = .009) (Figure 3 ). The risk difference was 0.08 (95% CI, 0.02-0.13; P = .006). Cumulative meta-analysis showed that with serial addition of studies by publication year, overall effect (as measured by OR) was statistically significant only after the publication year 2013 (Hajihossainlou et al 26 ). On sensitivity analysis by the 1-study-removal method, 
Publication Bias
Visual inspection of funnel plots and quantitative assessment using the Egger test revealed no publication bias in the primary or secondary outcome. Results of assessment for publication bias are found in eFigure 10 in the Supplement.
Discussion
In our large meta-analysis of 21 studies with more than 6500 cases of infective endocarditis and more than 5000 measured vegetations, we revealed that patients with a vegetation size greater than 10 mm had significantly increased odds of embolic events and mortality. This increased association was not found to depend on age, sex, or type of valve involvement. We also reported that the strength of association of a vegetation size greater than 10 mm with embolic outcomes increased over time. Fragmentation of vegetation specimens or cardiac tissue in patients with infective endocarditis leads to systemic embolic events. This devastating complication can occur in as many as 80% of cases of infective endocarditis.
13 The brain and spleen are the most frequent sites of embolism in left-sided infective endocarditis, whereas pulmonary embolism is frequent in right-sided infective endocarditis of a native valve.
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Large vegetation sizes have been linked in multiple studies with an increased risk of embolic events. These vegetations are often dichotomized at a seemingly arbitrary cutoff greater than 10 mm. To prevent occurrence of embolic events, the American Heart Association guidelines suggest consideration of surgical options when the vegetation size is greater than 10 mm, particularly when involving the anterior leaflet of the mitral valve and when associated with other relative indications for surgery (class IIb, level of evidence C). 6 Echoing this sentiment, the European Society of Cardiology guidelines suggest consideration of surgical options in aortic or mitral vegetations greater than 10 mm with 1 or more embolic event despite antibiotic therapy (class I, level of evidence B). 32 However, the evidence behind these recommendations comes from relatively small observational studies with varying degrees of bias. Our study therefore adds to the existing literature by systematically analyzing individual studies and their risk of bias and by providing pooled odds of embolic events. Clinicians often need to balance the risk of embolic events with the risk of surgery, and our analysis will benefit those discussions by providing quality evidence behind the odds of embolic events in patients with vegetation size greater than 10 mm.
A previous meta-analysis by Tischler and Vaitkus 11 revealed that patients with a vegetation size greater than 10 mm had significantly increased odds of embolic events and allcause mortality that did not reach statistical significance. Their analysis of 10 studies had several limitations, including variable definitions of large vegetation and lack of assessment of publication bias, study quality, or degree of heterogeneity using the I 2 statistic. We aimed in our analysis to systematically address these shortcomings and other additional limitations of a meta-analysis based purely on observational data. First, we included only studies in which using a cutoff of 10 mm to calculate odds of embolic events was possible. We assessed study quality using the standardized Newcastle-Ottawa Scale and found that a sensitivity analysis using only high-quality studies did not change the overall effect for the primary outcome significantly. In addition, our evaluation using funnel plots and the Egger test did not reveal any evidence of publication bias. We used the Higgins I 2 statistic to assess the degree of heterogeneity and found that heterogeneity for the primary outcome was moderately large (I 2 = 58%). We further explored the cause of this heterogeneity by performing subgroup analyses by period of publication and study methods. Our analysis by publication year revealed that studies before 2000 were more homogenous (I 2 = 27%), and the pooled odds of embolic events in this subgroup, although increased for those with a vegetation size greater than 10 mm, did not attain statistical significance. In contrast, when studies after the year 2000 were considered, a vegetation size greater than 10 mm was associated with significantly increased odds of em- 
Limitations
Our study has several limitations. First, this meta-analysis was performed on study-level data encompassing varying degrees of selection bias that is difficult to ascertain. Second, the effect of antibiotic use and microbiology could not be incorporated into the analysis owing to lack of sufficient data. Although 3 studies 3,21,27 provided detailed information on the trend of embolic events after initiation of targeted antimicrobial therapy and unanimously noted a markedly decreased risk of embolic events in the second week after initiation of antimicrobial therapy, only Thuny et al 10 provided information on the comparative risk of embolic events (with a vegetation size >10 mm) before and after initiation of antibiotics. However, even in that study, no statistical testing was performed to determine whether the risk of embolic events with a vegetation size greater than 10 mm changes after initiation of antibiotic therapy.
Another limitation is that the association of vegetation size of exactly 10 mm with embolic events remains ambiguous. This ambiguity occurs because some studies included these patients among the group with a vegetation size less than 10 mm, whereas others included them in the group with a vegetation size greater than 10 mm (Table) . In addition, although most studies included patients with varied sites of systemic embolism, different sites of embolization may have different prognostic implications. Last, although we aimed to study only native valves and extracted data only on native valves wherever feasible, 14 of the 21 included studies had prosthetic valve involvement ranging from 2% to 30%. However, our metaregression analysis showed that the presence of these cases did not affect the overall results in a significant manner. Our search was designed to capture studies evaluating embolic events in infective endocarditis, and it was not designed to evaluate the secondary outcome of mortality. Despite these limitations, we believe that the large size of our dataset, standardized protocolbased analysis, use of multiple subgroup and sensitivity analysis, and use of cumulative meta-analysis make our results robust and provide strength to our analysis.
Conclusions
In our meta-analysis of 21 studies, we showed that patients with a vegetation size greater than 10 mm had significantly increased odds of embolic events and mortality. We also showed that the strength of association of a vegetation size greater than 10 mm with embolic events was greater in subgroups of publications from 2000 to 2016 (compared with those from 1980-1999) and was unaffected by age, sex, and type of valve involved. Abbreviations: VS= vegetation size, CI= confidence interval eFigure 6) Sensitivity analysis by "one-study-removal" method for primary outcome. 
Summary of evidence
24 Summarize the main findings including the strength of evidence for each main outcome; consider their relevance to key groups (e.g., healthcare providers, users, and policy makers).
12
Limitations 25 Discuss limitations at study and outcome level (e.g., risk of bias), and at review-level (e.g., incomplete retrieval of identified research, reporting bias). Abbreviations: SE=standard error, LL= lower limit, UL=upper limit *The coefficient displays the change in natural logarithm of OR for every 1 unit change in variable ** All values have been rounded up to the closest second decimal point.
All variables were entered individually into the model
